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ABSTRACT

Proanthocyanidins are phytonutrients formed by oligomerization or polymerization of subunits catechin, epicatechin, and their gallic acid esters.
Proanthocyanidins are a component of many plants and thus form an integral part of the human diet. Oligomeric proanthocyanidins are
currently marketed as medicinal products that target vascular disorders and chronic pathological conditions, many of which are age-associated.
Proanthocyanidins are also characterized by their effects on energy homeostasis. Not dissimilar to their chemically synthesized counterparts,
naturally extracted proanthocyanidins act via inhibition of lipases, stimulation of energy expenditure, or suppression of appetite. Here we review
the current knowledge-base and highlight challenges and future impacts regarding involvement of proanthocyanidins in global lipid metabolism,
with a focus on the molecular mechanisms and pathological conditions that progress with aging. Adv Nutr 2019;10:464–478.
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Introduction
Proanthocyanidins (condensed tannins), when first
described in the 1920s, were referred to as “leuco-
anthocyanins” because of their ability to hydrolyze, in the
presence of acids, into the colored flavylium ion caynidin (1).
Belonging to a polyphenol family, proanthocyanidins exist
ubiquitously in many edible plant sources including barley,
hops, maize, apples, grapes, strawberries, cocoa, almonds,
cinnamon, peanuts, and tea. Grape seeds in particular
provide a diverse source of proanthocyanidins, owing to
the abundance of galloylated oligomers and type-A linked

Supported by the King’s-China Scholarship Council scheme (YN).
Author disclosures: YN and SRS, no conflicts of interest.
Supplemental Table 1 is available from the “Supplementary data” link in the online posting of
the article and from the same link in the online table of contents at
https://academic.oup.com/advances/.
Address correspondence to SRS (e-mail: stephen.sturzenbaum@kcl.ac.uk).
Abbreviations used: AGE, advanced glycation end-product; Akt, serine/threonine-specific
protein kinase; AMPK, 5’-AMP-activated protein kinase; AP, activator protein; BA, bile acid; BAX,
BCL2 associated X protein; CLPr, proanthocyanidins derived from cacao liquor; CYP, cytochrome
P450; DNMT, DNA methyltransferases; DP, degree of polymerization; EMT,
epithelial-to-mesenchymal transition; ERK, extracellular signal-regulated kinases; FXR, farnesoid
X receptor; GLUT, insulin sensitive glucose transporters; GSPE, grape seed procyanidin extract;
HDAC, histone deacetylase; LCB, lyophilized cranberries; miR, microRNA; Nrf, nuclear factor
erythroid related factor; PI3K, phosphatidylinositol 3’-kinase; PL, pancreatic lipase; ROS, reactive
oxygen species; SREBP, sterol receptor element binding protein; STAT, signal transducer and
activator of transcription.

species (2) (Figure 1). Consumption of proanthocyanidins
has been linked to a range of health benefits by combating
aspects of cardiovascular diseases, certain cancers, diabetes,
inflammation, neurodegeneration, allergies, and geriatric
disorders (Figure 2) (Supplementary Table 1).

Proanthocyanidins are thought to be the most structurally
complex flavonoid, comprising the elementary monomeric
subunit of falvan-3-ols to form the bioactive oligomers
(degree of polymerization, DP = 2–5) and polymers (DP> 5).
This subunit is composed of 15 carbons with 2 aromatic
rings connected by a heterocyclic ring (Figure 1). Oxidation
occurs between C4 of the pyrone ring and C6 or C8 of the
attached A and B rings, which facilitates the polymerization,
a connection that is referred to as B-type (dimeric) and
C-type (trimeric) linkage. The ether bond formed between
C2→C7 or C2→C5 is an A-type linkage. Three chiral
centers influence the 3-dimensional structure of the molecule
and thereby its hydrophilicity, protein binding properties,
and bioactivities. Esterification and glycosylation have been
identified to occur predominantly at the C3 position. The di-
verse DP, multivariate stereoisomer formations, and complex
hydroxylation patterns of proanthocyanidins lead to the wide
range of bioactivities that are specific to the individual moiety
and composition. For instance, B-type enriched proantho-
cyanidins derived from the cinnamon species Cinnamomum
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FIGURE 1 Basic scaffold and numbering system of proanthocyanidins (PAs), and their B-type compared with A-type links.

cassia regulate lipid accumulation in adipose tissue and
liver. In comparison, A-type proanthocyanidins extracted
from Cinnamomum tamala increase the concentration of
insulin in the blood and pancreas (3). In general, oligomeric
proanthocyanidins are thought to be most bioactive in terms
of regulating lipid metabolism (4–7), in particular the galloyl
ester structure (8–11). The heterogeneous building blocks
and complex linkage patterns of proanthocyanidins make
their fractionation and purification challenging.

In general, monomeric catechins and their gallates can
be absorbed intact in the small intestine, although the less
hydrophilic epicatechin gallate can only be detected in trace
amounts (12). The plasma half-life of dietary catechin ranges
from 2 to 4 h, with epicatechin being slightly longer, and
gallated forms and ring-fission products the longest (13).
Dimeric and trimeric proanthocyanidins can be absorbed
readily by passive transport, crossing the tight junctions via
the paracellular route. Higher oligomeric proanthocyanidins
decompose in a time-dependent manner, however, leading

FIGURE 2 Potential health benefits of proanthocyanidins (PAs).

to rapid accumulation of resultant monomers, dimers, and
traces of trimers (12, 14). However, a different conclusion
was drawn when proanthocyanidins were administered to
rats and monitored over a 24-h period. The majority of
proanthocyanidins remained in their original forms along
the gastrointestinal tract with trace amounts of metabolites
occurring in the duodenum/jejunum and ileum, which
contradicts the notion that oligomeric proanthocyanidins
are depolymerized into monomeric units (15). Based on the
distribution of methylated metabolites, it has been hypoth-
esized that the dose is a determining factor of the primary
site of metabolism, with large doses being metabolized in the
liver and small doses metabolized by the intestinal mucosa.
Nonabsorbable proanthocyanidins higher than octamers
were also found to influence absorption of proanthocyanidin
oligomers. These proanthocyanidins bind competitively to
mucosal proteins of the digestive tract, thereby allowing the
proanthocyanidin oligomers to be absorbed (16).

The well-recognized cardioprotective properties of proan-
thocyanidins have been linked to the “French Paradox,”
which refers to epidemiological studies uncovering that
French people have, on average, a lower incidence of
coronary heart disease despite a higher consumption of
saturated fat, but incidentally also a higher intake of proan-
thocyanidins via wine consumption (17). The vasodilatory
bioactivities of proanthocyanidins may be attributed to
beneficial regulation of lipid homeostasis which will be
reviewed. The decreased intestinal chylomicron secretion
(18–22) and lipid absorption (23–29), stimulated fatty acid
oxidation (30–34), repressed hepatic lipogenesis (35–45),
and low-density lipoprotein secretion (46–50) by proantho-
cyanidins, and their interactions with epigenetic factors (51–
53) and extrahepatic sites (54–60) have been shown to adjust
triglyceride, lipoprotein, and cholesterol concentrations in
vitro and in vivo. In addition, proanthocyanidins positively
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regulate multiple signaling pathways that are shared between
lipid disorders, for example obesity, and common aging-
associated diseases, which will also be discussed (61–107).

Methods
Information for this review was compiled by searching
PubMed (https://www.ncbi.nlm.nih.gov/pubmed), Scopus
(https://www.scopus.com), Google Scholar (https://scholar.
google.com), and the reference lists of articles to identify
additional sources. Databases were scanned from all years
of study until December 2017 for in vitro, animal, or
human studies on lipid metabolism and from 2012 to 2017
for studies on aging-related diseases. The databases were
searched systematically using the terms “proanthocyani-
din,” “procyanidin,” in combination with “lipid,” “obesity,”
“cholesterol,” “hypolipidemia,” “bioavailability,” “epidemio-
logical study,” “aging,” “cancer,” “cardio,” “diabetes,” “oxida-
tion,” “inflammation,” and “degeneration.” This review was
reported following the PRISMA (http://prisma-statement.
org/) statement (Figure 3).

Proanthocyanidins and the lipid regulation link
Proanthocyanidins restrict absorption of lipids
Glycerol, short- and medium-chain fatty acids are directly
absorbed from the intestinal lumen into the portal vein for
further utilization in the liver. In contrast, long-chain fatty
acids, free cholesterol, and β-acyl glycerol, together with bile
salts, form mixed micelles. The micellar solubility of choles-
terol was shown to be reduced by proanthocyanidin dimers
and trimers (procyanidin B2, B5, C1) (18) and the choles-
terol micelle can be degraded further by procyanidin A1
and a trimer [epicatechin-(4β→6)-epicatechin-(2β→O→7,
4β→8)-catechin] (19), suggesting that proanthocyanidins
may inhibit absorption of cholesterol and bile acids (BAs).
Having penetrated the intestinal epithelial cells as mixed
micelles, triglycerides are resynthesized and packed, with
cholesterol and fat-soluble vitamins, into chylomicrons and
exported to the circulatory system, which in turn facilitates
transport of lipids through the basolateral intestine epithelial
cells. Proanthocyanidins (of grape and apple origin) were also
linked to delayed absorption of triglyceride and cholesterol
thereby reducing secretion of chylomicrons (20, 21). Like-
wise, a significant reduction of apoB-48 secretion (the marker
of chylomicrons) was linked to consumption of red wine or
polyphenols extracted from apples (22) (Figure 4).

Proanthocyanidins coordinate digestion of neutral
lipids
When hydrophobic fat globules are broken up into smaller
emulsion droplets, they are hydrolyzed by water-soluble
lipases including lingual lipase, gastric lipase, and pancreatic
lipase (PL), and assisted by phospholipase A2, cholesterol
esterase, and isomerase. The resultant FFAs are subsequently
digested to acetyl-CoA via β-oxidation. A decrease in fat
digestion and absorption, which can be caused by dysfunc-
tional gastric and pancreatic cells or their lipase synthesis,

can trigger weight loss. In contrast, the suboptimal secretion
of bile salts, as derivatives of cholesterol, can have a negative
impact on formation of micelles and thus digestion of dietary
fat, thereby inducing hyperlipidemia. The following sections
will focus on the involvement of proanthocyanidin in this
lipid-digesting cascade (Figure 5).

Inhibition of lipases.
Several in vitro experiments have suggested that proan-
thocyanidins inhibit lipases, which in turn reduces fat
absorption, and thus proanthocyanidins are potential al-
ternatives to pharmaceutical treatments for obesity (e.g.,
orlistat). For example, the effects of grape seed procyanidin
extract (GSPE) on PL, lipoprotein lipase, and hormone-
sensitive lipase were evaluated. The isoproterenol-stimulated
lipolytic activity of cultured 3T3-L1 cells was lower when
exposed to GSPE, which reduced circulating FFAs. It was
suggested that compounds within the extract, including
their antioxidative metabolites, may exert synergistic effects
(23). Cholesterol esterase was also shown to be significantly
inhibited by GSPE in a dose-dependent manner. It is thought
that GSPE and BAs fuse into insoluble complexes in the
intestine, which inhibits formation of cholesterol micelles
in the intestinal lumen, increases their fecal excretion, and
thus reduces lipid digestion (24). GSPE also exerts a strong
inhibitory effect against pancreatic α-amylase, involving
both aggregate formation and enzymatic inhibition (25,
26). In detail, proanthocyanidins (purity 98%) inhibit PL
in a concentration-dependent manner by aggregating PL
to form PL-proanthocyanidin complexes. The inhibition
is likely mediated by the hydrophobic interaction and
hydrogen bonding between PL and proanthocyanidins with
increasing DP. Thus, formation of the PL-proanthocyanidin
complex is thought to be reversible (27). A similar action
was also observed in vitro with proanthocyanidin-enriched
apple extracts and cocoa extracts. Pancreatic α-amylase, PL,
and phospholipase A2 were dose-dependently inhibited by
proanthocyanidins (DP = 2–10, B type), characterized by
an inverse correlation between log IC50 and DP (28). In
contrast, gallic acid, catechins, and epicatechins were not
active (29). However, the PL and the substrates applied were
not very pure and this brings into question to what extent
these findings mimic physiological reality.

Stimulation of β-oxidation and glycerolipid/FFA cycle.
Hamsters fed a diet supplemented with GSPE for a period
of 15 d were marked by significantly reduced adipose
tissue depots, lower FFAs in the plasma, and decreased
TG accumulation within the mesenteric white adipose
tissue. Experiments at the transcriptional level uncovered
that exposure to GSPE regulates β-oxidation relevant
genes in retroperitoneal white adipose tissue, including
very long-chain acyl-CoA dehydrogenase, carnitine palmi-
toyltransferase, peroxisomal proliferator-activated receptor
α (Ppara), hormone-sensitive lipase, adipose triglyceride
lipase, glycerol-3-phosphate acyltransferase, diacylglycerol
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FIGURE 3 Screening process for a systematic review of research investigating the metabolic regulation mechanisms of
proanthocyanidins and links with other aging-associated diseases.

acyltransferase, and glycerokinase-related genes (30). Off-
spring of rats fed a standard diet supplemented with GSPE
had reduced amounts of circulating C-reactive proteins and
lower respiratory quotient values, increased amounts of
total and phosphorylated 5’-AMP-activated protein kinase
(AMPK), and overexpression of fatty acid uptake genes (fatty
acid transport protein 1 and CD36) and β-oxidation genes
(Ppara and hydroxyacyl-CoA dehydrogenase) in skeletal
muscle. Proanthocyanidins were therefore concluded to
shift the rate of β-oxidation via AMPK regulation and
to program healthy male offspring towards an improved

circulating inflammatory profile and greater lipid utilization
in adulthood (31). Flavangenol (pine bark extracts, Toyo
Shinyaku Co, Ltd) in the main form of procyanidin B1 was
reported to suppress fat accumulation in Western diet-fed
Tsumura Suzuki obese diabetes mice and FFA-loaded human
liver HepG2 cells (32). It induces mRNA expression of fatty
acid oxidative enzymes including PPARA, acyl-CoA oxidase
and carnitine palmitoyltransferase. This aligns well with
the traditional therapy for hyperlipidemia, which typically
applies fibrate drugs that bind to PPARA in the liver and
induce expression of fatty acid oxidative genes (33). The liver
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FIGURE 4 Proanthocyanidins downregulate absorption of dietary lipids in gastrointestinal tract. ApoB, Apolipoprotein B; FXR, Farnesoid
X receptor; PPAR, Peroxisome proliferator-activated receptor; SREBP, Sterol receptor element binding protein.

is also believed to be crucial and probably the main organ
in which proanthocyanidins modulate lipid metabolism (34).
Moreover, Flavangenol significantly suppressed intracellular
fat accumulation in the liver and therefore was deemed to
have potentially beneficial effects in nonalcoholic fatty liver
disease and nonalcoholic steatohepatitis (32).

Proanthocyanidins decrease hepatic lipogenesis
In the lipogenesis pathway, glycerol 3-phosphate accepts
2 acyl groups to form phosphatidic acid or diacylglycerol
3-phosphate. Phosphatidic acid, incidentally the more com-
mon precursor, is then converted to triglyceride via dephos-
phorylation and acyl transfer reactions. Proanthocyanidins
are thought to be actively involved in the regulation of
lipogenesis, cholesterol synthesis, and the accompanying
production of VLDLs.

The hypolipidemic property of proanthocyanidin-
enriched peanut skin extract was investigated in rats fed a
Western diet. The presence of proanthocyanidins decreased
mRNA expression of fatty acid synthase, sterol receptor
element binding protein (SREBP)-1c and acetyl-CoA
carboxylase. Expression of genes regulating lipid uptake, such
as Pparg, was upregulated, but Ppara was downregulated,
which in turn decreased TGs and cholesterol in plasma
and liver (35). Analogous effects were observed in vitro,
where HepG2 cells were treated with sera collected from rats
administered proanthocyanidins, yielding a bioactive form
of proanthocyanidins (e.g., conjugated metabolites). GSPE
and proanthocyanidins obtained from French maritime
pine bark reduced de novo fat synthesis, but cocoa did not
(36). Proanthocyanidin-mediated inhibition of TGs and
apoB was attributed to induction of the nuclear receptor
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FIGURE 5 Proanthocyanidins regulate global lipid profiles in hepatocyte and extrahepatic sites, targeting key anabolic and catabolic
cascades.

small heterodimer partner (NR0B2/SHP) via lipogenic
genes including SREBP-1c, carnitine palmitoyltransferase-
1A, and apoA-5 (37). Through use of mouse mutants
for the SHP and liver X receptor α and β, it was
confirmed that proanthocyanidins decrease plasma
TGs by activation of the farnesoid X receptor (FXR),
transient upregulation of SHP, and subsequent repression of
SREBP-1c (38).

GSPE is also thought to mediate hypolipidemia through
effects on microRNA (miR). Expression of miR-33 and
miR-122, miR-33 target ATP-binding cassette gene, and
miR-122 target fatty acid synthase gene were repressed by
GSPE in vitro in rat hepatocytes (39). Likewise, persimmon
originated polymeric proanthocyanidins, as measured by
the mean DP of 26, and its characteristic subunits A-
type (+)-epicatechin gallate and (–)-epigallocatechin gallate
dimers significantly reduced cellular lipid accumulation
in the human liver cell line L02 targeting miR-122 and
miR-33b (40). miR-122 is a highly specific liver miRNA,
which modulates fatty acid synthesis genes (e.g., SREBP-
1c, fatty acid synthase) and fatty acid β-oxidation genes
(e.g., NADPH-cytochrome P450 reductase-1). Inhibition of

miR-122 by antisense oligonucleotides remarkably improved
liver steatosis in diet-induced obese mice (41). miR-33a and
miR-33b together with their host genes, are involved in
modulation of fatty acid and cholesterol homeostasis (42).
Their inhibition notably decreased fatty acid synthesis and
increased fatty acid oxidation in nonhuman primates. In
contrast to other reports (31, 43, 44), the inhibitory effect
of persimmon tannin on cellular TG accumulation was
shown to be independent of the AMPK pathway. Recently,
GSPE in the main form of procyanidin B2 was reported
to significantly reduce intercellular lipid accumulation in
induced 3T3-L1 cells by targeting the miR-483-5p and
PPARG pathway (45), although the exact molecular mech-
anism regarding regulation of proanthocyanidins over miRs
remains unclear. It was noted that polyphenols can bind to
components involved in miR biogenesis, as exemplified by
the HIV-1 transactivating response RNA-binding protein.
Thus, inhibition of transactivating response RNA-binding
protein phosphorylation may suppress maturation of miR via
the miR-generating complex; alternatively, proanthocyani-
dins bind directly to miRs to modulate their stability or
degradation.
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Proanthocyanidins increase cholesterol catabolism
Homeostasis of cholesterol is mainly regulated by the liver.
Although biosynthesis of cholesterol is assisted by both
cholesterol carrier LDL and VLDL, 1 of the major catabolic
pathways involves use of cholesterol as a precursor to
synthesize BAs. Increased hepatic LDL receptor mRNA,
which is induced by GSPE, aids in removal of LDL or
VLDL from circulating blood (46). GSPE also upregulated
expression of sterol 12α-hydroxylase, a steroid catabolic gene
linked to formation of cholic acid, as well as FXR related to
BA biosynthesis (47). In addition, expression of the reverse
cholesterol transport-related transporter ABC-A was shown
to be induced by GSPE, thereby preventing transformation
into foam cells (48). Consumption of red wine elevated
apoA-1 as the main regulator of HDL and thus increased
cholesterol efflux (49). The observation that apoA-1 binds
to proanthocyanidins (derived from a mixture of monomers
and oligomers from grape seed) suggests that the reverse
cholesterol transport can be modified by proanthocyanidins
(50). Taken together these imply that food sources rich in
proanthocyanidins may be putative alternatives to standard
pharmaceutical treatments (e.g., statins) as a preventive
measure against hypercholesterolemia.

Proanthocyanidins are epigenetic regulators
Epigenetics is associated with crucial heritable alterations
that play important roles in metabolic syndromes. The
epigenetic regulation is vulnerable to environmental and
nutritional influences. It was recently noted that natural
product materials, such as dietary flavonoids enriched in
proanthocyanidins, are potent and beneficial modulators of
epigenetic cascades (51).

Histones can be modified post-translationally by acety-
lation, methylation, or phosphorylation, which can affect
chromatin structure and gene expression patterns. For
example, the histone deacetylases (HDACs) catalyze removal
of acetyl groups from histones, compact the chromatin
unit, and downregulate the transcription of certain genes
effectively. More specifically, class I HDAC3 inhibits butyrate,
and activates PPARA and its downstream genes, which are
crucial to hepatic lipid metabolism and fatty acid catabolism.
A recent study demonstrated that GSPE, mainly composed
of monomeric and dimeric proanthocyanidins, repressed
HDAC activity, but also increased PPARA phosphorylation
and signaling, and reduced the concentration of serum
triglycerides in C57BL/6 mice. Upregulated FXR expression
and elevated apoA-5 activity were linked to improved hepatic
lipid catabolism (52). A recent study also demonstrated that
uptake of GSPE by rats significantly enhanced production
of S-adenosylmethionine, a major biological methyl donor
that is required by DNA methyltransferase 1 to execute
epigenetic modification. However, instead of weight loss,
increased adiposity index and white adipose tissue depots of
the offspring were reported (53).

Proanthocyanidins target extrahepatic sites
Effects on adipocytes and adipokines.
Proanthocyanidins exert local effects on adipocyte tissues in
vivo. GSPE was shown to target mesenteric adipose tissue in
Wistar lean rats and subcutaneous adipose tissue in Zucker
fa/fa obese rats. PPARG, as the master regulator of adipo-
genesis, together with 11β-hydroxysteroid dehydrogenase 1
were remarkably downregulated in subcutaneous adipose
tissue by GSPE. Primarily nonmodified structures of proan-
thocyanidins were found in adipose depots in the form of
catechin, epicatechin, and their dimers (54). A moderate dose
of GSPE downregulated expression of inducible NO synthase
and IL-6, and upregulated adiponectin in adipocytes of
obese female Zucker rats (55). Lyophilized cranberries (LCB)
enriched with proanthocyanidins were shown to inhibit
preadipocyte differentiation in an in vitro model. LCB
significantly downregulated mRNA expression of fatty acid-
binding protein (adipocyte protein 2), lipoprotein lipase,
fatty acid synthase, hormone-sensitive lipase, and perilipin
1 in 3T3-L1 adipocytes during the differentiation process.
Expression of adiponectin gene was also increased by LCB
in a dose-dependent manner (56).

Effects on skeletal muscle cells.
Skeletal muscle was reported to play an important role in
overall utilization and oxidation of fatty acids via activation
of β-oxidation, an increased mitochondrial functionality
and oxidative capacity. In obese C57BL/6 mice, a high-
fat diet induced deposition of fat to white adipose tissue,
and weight gain could be reduced by supplementation
with proanthocyanidins derived from cacao liquor (CLPr).
Upregulation of uncoupling protein 1 in adipose and skeletal
muscle increased the corresponding energy expenditure
by fat oxidation and heat generation. Plasma cholesterol,
high-fat diet induced increase of leptin, and decrease of
adiponectin were also prevented by proanthocyanidins,
which redirected circulating TGs to skeletal muscles for fat
oxidation and ATP synthesis (43).

Effects on gut microbiota.
Gut microbiota (with their associated metabolites) have been
linked to the onset and progression of environmental stress
and aging-linked diseases, and are potential mediators of
glucose and fatty acid metabolism (57). In addition to the
local effects on intestinal function, the gut microbiota has
been associated with inflammation in peripheral tissues
thereby affecting host metabolism (58). Natural products,
especially polyphenols originating from food sources, have
the capacity to influence the profiles of gut microbiota
(59). Supplementation of GSPE prevented a systemic in-
flammation reaction in specific-pathogen-free mice fed a
high-fat diet, likely via suppression of the c-Jun N-terminal
kinases (JNK) and NF-κB signaling pathways. A reduction of
epididymal fat weight to body weight and improved insulin
sensitivity was noted in GSPE-fed mice. A comparison of
gut microbiota suggested that the positive effects of GSPE
might be linked to fat mobilization associated with certain
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phyla of bacteria, such as Firmicutes and Proteobacteria.
The relative stability of proanthocyanidins in the colon adds
further support to the general notion that intestinal bacteria
play an important role in proanthocyanidin-modulated fat
metabolism (60).

Proanthocyanidins regulate common pathways
underlying aging-associated diseases
Extension of the human life span is accompanied by
increased risk of cell dysfunction and organ degeneration,
causing pathologic conditions. Aging-associated diseases
have rapidly emerged as the leading cause of death in devel-
oped countries (61). Proanthocyanidins have the potential
to ameliorate aging-related pathological conditions, such as
obesity, diabetes, cancer, neurodegeneration, cardiovascular
disease, and arthritis (Figure 6). An advanced knowledge-
base regarding molecular processes and shared mechanisms
that target the underlying aging-associated disease will help
to optimize nutritional application of proanthocyanidins.

Proanthocyanidins affect AMPK and metabolic
pathways
The link between AMPK and the insulin sensitive glucose
transporter-4 .
As mentioned, GSPE was able to reprogram lipid utilization
in rats by upregulating both total and phosphorylated
5’ AMPK and fatty acid oxidation (62). AMPK is a sensor
of cellular energy status. Activated by metabolic stress,
AMPK regulates glucose and fatty acid uptake to compensate
for cellular energy and is considered a key player in
progression of metabolic syndromes such as obesity and
diabetes mellitus (63). Downstream of AMPK, insulin sen-
sitive glucose transporters (GLUTs) are membrane proteins
that facilitate cellular glucose transport. Of the 14 GLUT
members identified so far, GLUT-4 is particularly sensitive
to proanthocyanidins. CLPr, for instance, promoted GLUT-4
translocation, enhanced glucose uptake, and improved glu-
cose tolerance in muscle cells (64). In particular, CLPr of low
DP (DP ≤ 3) improved hyperglycemia by regulating GLUT-
4 translocation through an AMPK-dependent pathway in
skeletal muscle (65). In comparison, proanthocyanidins
from soybean seed coat activated both insulin and AMPK
signaling to induce GLUT-4 translocation in the muscle of
mice (66). Procyanidin A2 restored expression of GLUT-
2 and GLUT-4 in isolated islets pre-exposed to a harmful
chemical bisphenol A, thereby preventing progression of
hyperglycemia and type 2 diabetes (67). Proanthocyanidins’
positive regulation of glucose homeostasis also resulted in
amelioration of high-fat-related hyperglycemia (43).

The AMPK/silent mating type information regulation 2
homologue-1-PPARG co-activator-1α link.
PPAR refers to a family of nuclear receptor proteins. As
summarized previously, proanthocyanidins improve global
lipid profiles by coordinating PPARA and PPARG signaling-
associated anabolic and catabolic metabolism. PPARG co-
activator-1α also interacts with multiple transcription factors

and influences numerous pathological conditions. Procyani-
din B2 was reported to improve diabetic nephropathy by
regulating AMPK/silent mating type information regulation
2 homologue-1-PPARG co-activator-1α cascade both in
vitro and in vivo (68). Specifically, procyanidin B2 sup-
pressed high glucose-induced podocyte apoptosis, improved
apoptosis associated mitochondrial dysfunction and mtDNA
copy number decrease, and protected cells from diabetic
nephropathy-like phenotypes (69).

Proanthocyanidins are involved in survival and
apoptosis pathways
The MAPK/extracellular signal-regulated kinase-NF-κB
link.
The MAPK/extracellular signal-regulated kinase (ERK)
pathway comprises multiple proteins regulating core gene
transcription. Proanthocyanidins extracted from Orostachys
japonicus suppressed viability of cancer cells through acti-
vation of MAPK signaling (70). Proanthocyanidin-regulated
MAPK/ERK in combination with NF-κB also mediate Y-
box binding protein 1 nuclear translocation associated with
a multidrug resistance phenotype, thus enhancing efficiency
of cancer chemotherapy (71). MAPK also plays an active
role in innate and adaptive immunity. By activating MAPK
and NF-κB signaling, trimeric procyanidin C1 elevated
activation of macrophage and polarization of T helper
type 1 in murine splenocytes (72). Procyanidin B2, when
used as an agent against inflammation-related diseases,
was shown to markedly reduce lipopolysaccharide-induced
proinflammatory cytokines (e.g., TNF-α and ILs) (73, 74).
Although NF-κB is often simulated by proanthocyanidins,
IκB-α, an inhibitor of NF-κB, is downregulated by proantho-
cyanidins in endothelial progenitor cells, which in turn drives
the proanthocyanidin-enforced anti-inflammatory response
(75).

The MAPK/ERK-nuclear factor erythroid 2-related factor
link.
MAPK/ERK-nuclear factor erythroid 2-related factor (Nrf2)
is crucial to proanthocyanidin-mediated antioxidation, anti-
inflammation, and attenuation of neurological deficits. Pro-
cyanidin B2, for example, activated nuclear translocation
of Nrf2 and signaling proteins involved in the process
MAPK and ERK, protecting human colonic cells against
oxidative stress (76). Proanthocyanidin dimers also reversed
pathogenic suppression of the nuclear translocation of Nrf2
and heme oxygenase expression in the ipsilateral ischemic
area of brain, preventing blood-brain barrier disruption
against ischemic stroke (77). It has been suggested that
procyanidin B2 might competitively bind to the Nrf upstream
element toll-like receptor-4/myeloid differentiation factor-2
complex, executing biological functions (78). In HepG2 cells,
polymeric procyanidin fractions (from defatted grape seeds)
also upregulated Nrf2, heme oxygenase, and antioxidant
response element-driven phase II detoxification enzymes,
and protected the cells from reactive oxygen species (ROS)
(79).
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FIGURE 6 Molecular genetic approaches enable study of mechanisms of proanthocyanidin-mediated health benefits, revealing shared
regulatory genes among age-associated diseases.
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The phosphatidylinositol 3’-kinase-serine/threonine-
specific protein kinase link.
Phosphatidylinositol 3’-kinase (PI3K)-dependent
serine/threonine-specific protein kinase (Akt) is a crucial
regulator of cellular survival, coordinating glycolysis,
protein synthesis, lipogenesis, glycogen synthesis, and
glucose transport. Disrupted regulation of the PI3K-Akt
pathway leads to pathological conditions including cancer,
diabetes, or cardiovascular diseases. An epidemiological
study revealed that proanthocyanidins derived from fruits
and vegetables exert a positive role in suppression of
human colorectal cancer cell growth. Proanthocyanidin
hexamers, in particular, decreased PI3K/Akt signaling and
cell survival proteins Bad and GSK-3β (80). Grape seed
extracted B2–3-3”-di-O-gallate targeted vascular endothelial
growth factor receptor-2, associated PI3K/Akt and integrin
signaling, inhibited growth, and induced death in both
human umbilical vein endothelial cells and human prostate
microvascular endothelial cells (81). In diabetic patients,
administration of proanthocyanidins reduced apoptosis
and oxidative stress (induced by high glucose in endothelial
progenitor cells), likely via a comparable mechanism, namely,
upregulation of vascular endothelial growth factor receptor-
2-Akt and NF-κB and downregulation of an inhibitor
of NF-κB (75). Diabetic nephropathy is 1 of the major
complications seen in diabetes. A quantitative proteomic
analysis in diabetic db/db mice revealed that procyanidin B2
reduced Akt, ERK, and GSK-3β, and ameliorated diabetic
nephropathy in vivo (82). Trimeric procyanidin C1, which is
thought to improve endothelial functions and cardiovascular
diseases, stimulated PI3K/Akt signaling-mediated NO
production in rat aortic endothelial cells (83).

Advanced glycation end-products.
Advanced glycation end-products (AGEs) are a hallmark
of the aging process. They are highly heterogeneous in
composition and are formed through complex nonenzymatic
glycation reactions, including multistep reactions between
reactive sugars and free amino acids residues of peptides or
proteins. Many factors seem to influence the accumulation
and removal of AGE formation, including genetics, environ-
ment, and lifestyle, but notably also pathological conditions
such as diabetes. Binding of AGEs to specific receptors for
AGEs stimulates molecular signaling pathways including
MAPK-ERK, NF-κB, and subsequent transcription of many
proinflammatory genes and oxidative stress responses (84).
Procyanidins from the litchi pericarp inhibited formation of
AGEs in a simulated model system containing lactose as a
reducing disaccharide and lysine as a reactive amino acid
(85). Thus, the inhibitory effect of proanthocyanidins on
AGEs may be valuable in therapy for diabetic complications
(86, 87)

Apoptosis regulator BCL-2 mediated mitochondrial path-
way.
Apoptotic proteins (e.g., BCL-2 associated X protein, BAX;
BCL-2 antagonist/killer 1) induce mitochondrial membrane

permeabilization, and mitochondrial release of cytochrome
C and ROS, which trigger a mitochondrial-dependent
apoptosis cascade. Located on the outer membrane of mi-
tochondria, BCL-2 plays an antiapoptotic role by inhibiting
this process. In addition, BCL-2 regulates mitochondrial
dynamics controlling metabolic activities. The antioxidant
potential of GSPE, for example, was related to its effect on
BCL-2 and BAX. Exposure to cadmium induced lipid perox-
idation and antagonized renal apoptosis in vivo, which was
attenuated after administration of GSPE (88). Procyanidin B2
also markedly inhibited CCl4-induced hepatocyte apoptosis,
suppressed upregulation of BAX, and restored levels of BCL-
2 like 1 gene (89).

The activator protein 1 and signal transducer and activa-
tor of transcription 3 link.
Activator protein 1 (AP-1) is a transcriptional factor that
works with apoptotic and survival pathway elements to
control a range of cellular processes including differentiation,
proliferation, and apoptosis. Both synthesized and extracted
B2–3-3”-di-O-gallate inhibited transcription of AP-1, NF-
κB, and the nuclear translocation of signal transducer and
activator of transcription 3 (STAT-3) in prostate cancer cell
lines (90). Procyanidin B2 inhibited activation of pyrin do-
main containing 3 protein inflammasome by suppressing the
AP-1 pathway, and also downregulated lipopolysaccharide-
induced caspase-1 activation and IL-1β secretion in human
vascular endothelial cells (91). Proanthocyanidins of grape
origin suppressed chronic hypoxia-induced expression of
phosphor-STAT-3, attenuated hypoxia-induced increase in
right ventricular systolic pressures, and reduced secretion
of inflammatory factors including malondialdehyde and
NADPH oxidase in Sprague-Dawley rats, thus potentially
preventing hypoxic pulmonary hypertension (92). In ad-
dition, proanthocyanidins were shown to relieve neuro-
logical impairment in diabetic Sprague-Dawley rats with
focal cerebral ischemia. The altered expression of STAT-1
modulated Janus kinase–signal transducers and activators
of transcription signaling, which in turn may contribute to
neuron protective activity (93).

Proanthocyanidins are involved in other
aging-associated pathways
Proinflammatory cytokines and inflammation cascades.
As revealed by many studies, proanthocyanidins significantly
downregulate proinflammatory marker NADPH oxidase,
inducible nitric oxide synthase, cyclooxygenase-2, and proin-
flammatory cytokines IL-6 and TNF-α in vitro and in vivo
(55, 89, 94, 95, 96). The anti-inflammatory potential of
proanthocyanidins is of particular importance given the
shared roles of chronic inflammation in obesity, diabetes, and
other metabolic diseases (97), and has been linked recently
with a positive impact on maintenance of chondrocytes and
osteoarthritis. The risk of osteoarthritis increases when the
balance of cartilage degradation and synthesis is disrupted.
Procyanidin B3, in addition to being collagen protective, has
been shown to inhibit apoptosis in primary chondrocytes,
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suppress H2O2 or IL-1β induced inducible nitric oxide
synthase, and to prevent IL-1β-caused suppression of chon-
drocyte differentiation marker gene expression (98).

The epigenetic enzyme DNA methyltransferases.
Epigenetic enzymes are emerging as pharmacological targets
in treatment of aging-associated diseases. DNA methyltrans-
ferases (DNMTs), 1 of the most well studied epigenetic
enzymes, catalyze DNA methylation and consequentially
alter gene expression pattern. An in vitro screen of 32 EGCG
analogues demonstrated that procyanidin B2 attenuates
activity of DNMTs and subsequently enhanced expression
of DNMT targets, namely E-cadherin, Maspin, and BRCA1
(99). This epigenetic regulatory effect by proanthocyanidins
is thought to be linked to the epithelial-to-mesenchymal
transition (EMT), a biological process in which epithelial
cells are reprogrammed into multipotent stromal cells.
EMT is closely associated with cancer metastasis. Epigenetic
factors, for instance, DNMT targets E-cadherin, inducing the
destiny of a cell during EMT. Procyanidin C1 was reported
to inhibit TGF-β-induced EMT, thereby suppressing cancer
metastasis (100). On the other hand, EMT triggers fibrosis
of renal tubular epithelial cells, driving the onset of diabetic
nephropathy and ultimately renal failure. In a diabetes
model, excessive glucose induced EMT, elevated α-smooth
muscle actin, and reduced E-cadherin in HK-2 human renal
proximal tubular epithelial cells. Procyanidin B2 was able to
reverse this transcriptional change and act as a protective
agent (101).

Endothelium factors prostacyclin and NO.
Prostacyclin and NO are endothelium-derived molecules
functioning as vasodilators or inhibitors of platelet activation.
Proanthocyanidins induce secretion of prostacyclin and
NO in spontaneously hypertensive rats in an endothelium-
dependent manner, thus positively regulating blood pressure.
This antihypertensive effect of GSPE was abolished to some
extent by indomethacin and NG-Nitro-L-arginine methyl
ester (L-NAME), inhibitors of prostacyclin and NO synthesis,
respectively (102). The beneficial effect of proanthocyanidins
on arterial blood pressure was also revealed in a hypertension
disease model associated with metabolic syndrome (103).
In another study GSPE was shown to upregulate prostacy-
clin synthase in human lung premalignant and malignant
cells, suggesting its potential as a chemopreventive agent
against different cancers (104). The protective action of
proanthocyanidin trimer C1 on the cardiovascular system
was partially attributed to its effect on the voltage-gated
potassium channel (BK channel) and downstream NO
production which mediated hyperpolarization in rat aortic
endothelial cells. The BK channel allows voltage-gated flux
of potassium ions to repolarize the cell membrane potential
in response to depolarization or increased calcium. NO
production relies partially on a calcium-dependent BK
channel. In turn, dysfunctional BK channels can cause
systemic disorders, especially prominent neurological and
cardiovascular pathological features (83).

Cytochrome P450 and ROS-induced damage.
Belonging to the hemoprotein superfamily, cytochrome P450
(CYPs) comprises a family of oxidase enzymes that are
actively involved in oxidation and biosynthesis of BAs.
GSPEs were noted for their beneficial effect on coronary
artery diseases by improving BAs, cholesterol, and triglyc-
eride circulation. Specifically, GSPE coadministered with
cholestyramine robustly induced expression of cytochrome
P450 7A1 (CYP7A1), a rate-limiting enzyme of the classical
biosynthesis of hepatic BAs (46). GSPE administered alone
downregulated expression of ileal fibroblast growth factor
15, a crucial regulator of CYP1A1, which in turn suppressed
synthesis and recirculation of BAs, contributing to reduced
triglyceride deposits (47). Aligned to this, the stimulating
effect of procyanidin A2 on the enzymatic activity of 5 CYPs
(CYP1A2, CYP3A4, CYP2E1, CYP2C9, and CYP2D6) was
confirmed in vitro in a human hepatocyte system (105). In
addition, proanthocyanidins protect against inflammation
via ROS-mediated mechanisms (79, 89, 106). Cinnamon
extracts enriched with trimeric proanthocyanidins were
able to protect pancreatic β-cells against diabetes. The
trimeric molecule restored H2O2-induced lipotoxicity and
oxidative stress in INS-1 pancreatic β-cells, reduced ROS,
and improved cell viability and function (107). Likewise,
proanthocyanidins extracted from grape seeds reduced
the production of ROS, potentially preventing hypoxic
pulmonary hypertension via a combined antioxidant and
antiproliferative action (92).

Conclusions
Although the knowledge-base surrounding proanthocyani-
din involvement in lipid homeostasis has grown over the
past decade, a conclusive interpretation of the functional
mechanism remains challenging. Numerous studies have
proposed positive, neutral, or negative effects (108–110),
an inconsistency that, in part, may be attributed to the
poorly described composition of raw plant extracts and thus
the nonstandardized administration of proanthocyanidins.
In the majority of cases only crude proanthocyanidin
mixtures were tested but common sense dictates that purified
compounds are required to allow definitive conclusions
to be drawn about the effectiveness and activity of indi-
vidual proanthocyanidins. This is complicated by the fact
that proanthocyanidins are highly active, but unfortunately
also not overly stable. Their polyphenol hydroxyl groups
allow them to trigger enzymatic and spontaneous oxi-
dation reactions, and to form reversible complexes with
proteins (111). Proanthocyanidin polymers can aggregate
with macromolecules and carbohydrates (112). Although
the degradation rate of proanthocyanidins increases at low
pH, and acetaldehyde condensation of proanthocyanidins
(in particular the galloyl dimer, trimer C1 and T2) occurs
by means of acid catalysis, the presence of (+)-catechin can
increase the stability of proanthocyanidins. It is therefore of
paramount importance to explore further how best to store
and administer proanthocyanidins. Numerous epidemiolog-
ical studies have suggested that proanthocyanidins may be
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able to offer some protection against cardiovascular diseases
(113–115) and carcinogenesis (116, 117), as well as reduce
free radical and peroxidative loads in humans (118, 119),
but only limited data are available concerning involvement of
proanthocyanidins in fat metabolism, obesity, and associated
conditions/diseases (17). Oligomeric proanthocyanidins, in
particular with a DP ranging from 2 to 5, seem to be
bioavailable and bioactive. There is, however, a need to
unravel the molecular genetic drivers and targets, the
structural hallmarks, as well as the pharmacokinetic destiny
in vivo before we can understand the efficiency and potential
of proanthocyanidins in interventional therapies.
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